On the use of nonrigid-molecular symmetry in nuclear motion computations employing a discrete variable representation: A case study of the bending energy levels of The Journal of Chemical Physics 147, 134101 (2017) The ground state bending levels of 11 BH 2 have been studied experimentally using a combination of low-resolution emission spectroscopy and high-resolution stimulated emission pumping (SEP) measurements. The data encompass the energy range below, through, and above the calculated position of the barrier to linearity. For the bending levels (0,3,0) and above, the data show substantial K-reordering, with the K a = 1 levels falling well below those with K a = 0. A comparison of the high-resolution rotationally resolved SEP data to our own very high level ab initio calculations of the rovibronic energy levels shows agreement approaching near-spectroscopic accuracy (a few cm 1 ). The data reported in this work provide very stringent tests for future theoretical treatments of this prototypical seven-electron free radical. Published by AIP Publishing. https://doi
I. INTRODUCTION
With only seven electrons, BH 2 is one of the "simplest" known polyatomic molecules, 1 eclipsed only by trihydrogen (H 3 ) 2 and beryllium dihydride (BeH 2 ). 3 The boron dihydride radical was first reported by Herzberg and Johns 1 in 1967 through observation of the gas phase electronic spectrum obtained by flash photolysis of borane carbonyl (BH 3 CO). In their pioneering work, the authors proved that the observed electronic transition is between the two components of what would be a 2 Π state at linearity. The data showed that BH 2 is a bent near-prolate asymmetric top in the lower state and adopts a linear structure in the excited state. The observed 11 BH 2 spectra spanned the 11 500-15 400 cm 1 region, initially assigned to the 2 7 0 through 2 11 0 vibronic transitions (ν 2 is the bending vibration). Spin splittings were observed in only one sub-band ∆-Π of 2 7 0 , establishing the doublet nature of the states but providing little information on the ground or excited state spin splittings. A few bands of 10 BH 2 and 11 BD 2 were also identified, and the isotope effects were used to estimate the excited state vibrational numbering and geometric structures in the combining states. Although the ESR spectrum of BH 2 in a neon matrix has been reported, 4 the microwave and infrared spectra are currently unknown, and, until very recently, the electronic spectrum had not been further explored.
The dearth of electrons has made BH 2 a very attractive candidate for high quality ab initio calculations, too numerous to summarize in detail. In early work, Peric et al. 5 showed that the original assignments of the bending progression had to be increased by v = 2, so that the observed 11 BH 2 bands are a) Author to whom correspondence should be addressed: dclaser@uky.edu. . There have also been two thorough theoretical studies of the potential energy surfaces and rovibronic term values of the X 2 A 1 and A 2 B 1 states. 6, 7 In both cases, empirical adjustments to the barrier to linearity were made to give better correspondence to the available experimental data. The most recent study, 7 which included the effects of angular momentum and spin-orbit coupling, obtained an adjusted barrier to linearity of 2666 cm 1 , ground and excited state r e structures of r = 1.1875 Å, θ = 129.04°, r = 1.1698 Å, and θ = 180°, and predicted spin-splittings for both the ground and excited state rovibronic levels.
Very recently, 8 we showed that cold BH 2 radicals could be produced in a discharge jet using a precursor mixture of diborane (B 2 H 6 ) in high pressure argon and detected by laser induced fluorescence. 8 We were able to extend the 11 BH 2 spectrum up to 21 000 cm 1 , spanning bending levels from v 2 = 10 to 19 along with the detection of a few stretch-bend combination levels for the first time. We also studied the spectrum of 11 BD 2 , detecting bands in the bending progression from 2 14 0 to 2 23 0 and some stretch-bend combinations. The corresponding 10 B isotopologues were also studied. Many of the bands exhibited spin splittings, especially at low N values. Each band was rotationally analyzed and assignments were made for the observed rovibronic lines. The 2 20 0 band of 11 BD 2 was recorded at high resolution and ground state combination differences formed to refine the lower state rotational constants which led to an improved ground state r 0 structure of BH 2 as r(BH) = 1.197(2) Å, θ = 129.6(2)°.
In conjunction with the experimental work, new very high level hybrid ab initio BH 2 potential energy surfaces were generated starting from the coupled cluster singles and doubles with perturbative triples [CCSD(T)]/aug-cc-pV5Z level of theory. The potentials were corrected for core correlation, extrapolation to the complete basis set limit, electron correlation beyond CCSD(T), and diagonal BornOppenheimer effects, in order to obtain the highest possible accuracy. These potentials were used in variational calculations of the spin-rovibronic states of the various isotopologues of BH 2 without any empirical adjustments or fitting to experimental data. The agreement with the full range of the new LIF data was excellent, approaching near-spectroscopic accuracy (a few cm 1 ), and allowed us to understand the complicated spin-rovibronic energy level structure even in the region of strong Renner-Teller resonances.
In the present work, we have used low resolution emission and high resolution stimulated emission pumping (SEP) spectroscopies to elucidate the rovibronic energy levels of 11 BH 2 in the electronic ground state. The molecular constants of the v = 0 level have been refined and the spin-rovibrational energies have been determined. The bending levels have been measured from below and up through the barrier to linearity (v 2 = 1-5), showing the details of the reordering of rotational energies in the region of the barrier. The experimental results have been compared with our theoretical predictions of the spin-rovibronic energy levels.
II. EXPERIMENT
The 11 BH 2 free radical was produced in a discharge free jet expansion 9 using precursor mixtures of 0.5%-0.1% diborane (B 2 H 6 ) in high pressure argon, as discussed in more detail elsewhere. 8 Low-resolution LIF spectra were recorded by exciting the jet-cooled radicals with the collimated beam of a pulsed tunable dye laser (Lumonics HD-500, linewidth 0.1 cm 1 ) and imaging the resulting fluorescence signals onto the photocathode of a high gain photomultiplier (EMI 9816QB). The signals were sampled with a gated integrator and recorded with LabVIEW-based data acquisition software. The spectra were calibrated with optogalvanic lines from neon-and argonfilled hollow cathode lamps to an accuracy of ∼0.1 cm 1 . In some cases, the LIF spectra were overlapped by bands of various impurity molecules. To circumvent these problems, we used the LIF synchronous scanning (sync-scan) technique described previously. 10 In this method, the fluorescence is dispersed by a scanning monochromator that is fixed on a prominent emission band of the isotopologue(s) of interest. The excitation laser and the monochromator are scanned synchronously under computer control so that the resulting spectrum exhibits only those transitions that emit down to the chosen level, focusing on the spectrum of a subset of the molecular isotopologues and minimizing impurity emission.
High resolution sync-scan LIF spectra were obtained in the same fashion but using a dye laser equipped with an intracavity angle-tuned etalon (Scanmate 2E), providing tunable radiation with a linewidth of 0.035 cm 1 . All high resolution spectra were calibrated with iodine LIF transitions. 11 Survey low resolution single rotational level emission spectra were obtained by tuning the LIF laser to a single rotational line in the LIF spectrum and focusing the resulting fluorescence with an f 1.5 lens system onto the entrance slit of a 0.5 m scanning monochromator (Spex 500M). The pulsed fluorescence signals were detected with a red-sensitive photomultiplier (RCA C31034A), amplified by a factor of 800, sampled with a gated integrator, and recorded digitally. The emission spectra were calibrated to an accuracy of ∼2 cm 1 using emission lines from an argon discharge lamp. A 1200 line/mm grating blazed at 750 nm was employed in this work, with a bandpass of 0.3-0.6 nm, depending on the strength of the dispersed fluorescence signal.
Stimulated emission pumping (SEP) techniques were employed to measure the ground electronic state rovibronic levels with high precision using the time-gated reference method of Northrup and Sears. 12 The pump laser was the Lumonics HD 500 dye laser (∼3-4 mJ/pulse, Coumarin 485, 503, and 540A laser dyes, linewidth ∼0.1 cm 1 ) which was tuned to a single feature in the LIF spectrum, pumping one or two upper state spin-rovibronic energy levels. The dump laser was the Scanmate 2E dye laser operated with the etalon in the cavity (0.5-2 mJ/pulse, various green and red laser dyes, linewidth ∼0.035 cm 1 ) and scanned 2-10 cm 1 at a time by angle tuning. It was temporally delayed ca. 100 ns after the pump laser and the two dye laser beams were counterpropagated through the LIF apparatus, crossing at a slight angle in the interaction region. With such a short dump laser delay, the excited target molecules did not travel any appreciable distance downstream, so the pump and dump lasers could be spatially overlapped in the viewing region of the detector.
The fluorescence decay was monitored either as total fluorescence through a long pass or bandpass filter or as a narrow band of emission wavelengths through the monochromator, depending on the wavelength region of interest. The photomultiplier was terminated with a small resistor (50 Ω) so that we could use fast timing to discriminate against the initial discharge flash and scattered laser light and observe the undistorted fluorescence decay profile. When the dump laser was in resonance with the excited state level and a ground state vibrational level, the stimulated emission was detected as a dip in the fluorescence intensity. We found that the best SEP signals were obtained with the first gated integrator (Gate1, 60 ns wide) positioned 20 ns after the pump laser and the second gated integrator (Gate2, 60 ns wide) located 40 ns after the dump laser. Signals from both gates were collected digitally, and the SEP signals displayed as the relative ratio of (Gate2) to (Gate1). The SEP spectra were calibrated by simultaneously recording I 2 LIF signals 11 from a small portion of the residual dump laser beam.
In practice, the SEP signals were wider (0.06-0.08 cm 1 ) than the dump laser linewidth due to a combination of power broadening and unresolved spin and/or hyperfine structure in the 11 BH 2 lines.
III. THEORETICAL CALCULATIONS
These have been described in detail in our previous work. 8 Briefly, potential energy surfaces of the bent ground X 2 A 1 and the linear A 2 B 1 first excited states of BH 2 were generated from a series of coupled cluster singles and doubles with perturbative triples [CCSD(T)] level of theory single point calculations with the aug-cc-pV5Z basis set. These surfaces were then corrected in a systematic fashion for core correlation, complete basis set extrapolation, electron correlation beyond CCSD(T), and diagonal mass dependent Born-Oppenheimer effects.
The corrected ab initio surfaces were used without any empirical adjustment for the variational calculation of the ground and excited state energy levels. In previous work, spin-rovibronic calculations for J ≤ 7/2 were performed, thus enabling the prediction of the energies for all rovibrational levels with K a ≤ 3 (Σ, Π, ∆, Φ levels). All four experimentally relevant isotopologues ( 11 BH 2 , 10 BH 2 , 11 BD 2 , 10 BD 2 ) were studied, for energies up to 22 000 cm 1 above the X 2 A 1 (000) level. We showed that such calculations gave agreement to near-spectroscopic accuracy (a few cm 1 ) for excited state energy levels as high as (0, 19, 0), some 21 000 cm 1 above the ground state zero-point level. In the present work, we extend the computations for 11 BH 2 up to J = 13/2 and we compare our high precision SEP measurements of 11 BH 2 ground state spin-rovibronic levels to the calculations up to and above the barrier to linearity.
The ground state molecular structure and rotational, centrifugal distortion, and spin-rotation constants were further explored using the GAUSSIAN 09 suite of programs. 13 This involved a density functional theory (DFT) calculation with the Becke three-parameter hybrid density functional 14 with the Lee, Yang, and Parr correlation (B3LYP) functional 15 and Dunning's correlation consistent basis sets 16 augmented by diffuse functions (aug-cc-pV6Z). Centrifugal distortion and spin-rotation constants were derived from second derivatives of the DFT energies using standard vibrational second order perturbation theory (VPT2) 17 as implemented in the GAUSSIAN code.
IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Introduction
BH 2 is a bent near-prolate asymmetric top in the ground state and the first electronic transition is A 2 B 1 (Π u )-X 2 A 1 , which follows c-type rotational selection rules. The presence of two equivalent hydrogen nuclei necessitates a 3:1 [eo, oe: ee,oo] nuclear statistical weight alternation in the populations of the lower state levels of BH 2 . We label the energy levels of both states by the asymmetric top quantum numbers N KaKc in the absence of resolvable electron spin splittings. In the upper linear state, K a designates the value of l , while the two values of K c distinguish the l-type doubling components. In those instances where the spin splittings are resolved, the rotational levels are designated by J, the quantum number for the total rotational plus spin angular momentum: J = N + 1/2 (F 1 ) and J = N 1/2 (F 2 ). The vibrations of BH 2 are labeled ν 1 (a 1 ) = BH symmetric stretch, ν 2 (a 1 ) = bend, and ν 3 (b 2 ) BH antisymmetric stretch, and vibrational levels are denoted by (v 1 , v 2 , v 3 ).
B. LIF spectra and the vibrationless level of the ground state
In their original study of the BH 2 electronic spectrum, Herzberg and Johns 1 used ground state combination differences (GSCDs) and fitting to obtain the ground state v = 0 energy levels of 11 BH 2 . Unfortunately, due to limitations in the data (only one band in their spectra exhibited any resolvable spin splittings), these levels did not include any spin splittings. In our recent extensive study of the BH 2 LIF spectrum, 8 many of the transitions to higher vibrational levels in the excited state were found to have resolved spin splittings, affording the opportunity to refine the previous results. In the present work, we have recorded the (0,16,0) Π (K a = 1 K a = 0 and K a = 1 K a = 2 sub-bands) band and the (0,17,0) Σ (K a = 0 K a = 1) and ∆ (K a = 2 K a = 1) LIF bands of 11 BH 2 at our highest resolution (observed linewidths ∼0.06 cm 1 ) and derived GSCDs from the data. Examples of the spectra are shown in Fig. 1 . Some transitions exhibited obvious spin-splittings and the J quantum numbers were assigned based on relative intensities which scale as the lower state degeneracy of 2J +1. The observed transitions and their associated assignments are summarized in Tables I and II and include intervals involving K a = 0, 1, and 2 which can be used to form various GSCDs. In addition, we have measured stimulated emission pumping spectra through the (0,15,0) r R 1 (1) and r Q 1 (3) transitions down to the appropriate ground state K a = 3 levels. By subtracting the wavenumbers of the SEP transitions from the pump wavenumbers (measured again at high resolution), we obtained GSCDs involving K a = 3, with spin splittings.
The ground state intervals were fitted to Watson's A reduction of the asymmetric top rotational Hamiltonian in the I r representation involving
Here, H R and H CD refer to the rotational energy and its centrifugal distortion corrections and H SR takes into account the interaction of the spin of the unpaired electron and the molecular rotation. The rotational constants A, B, and C were varied along with the quartic centrifugal distortion constants and the major spin constant ε aa . The resulting constants are presented in Table III from our B3LYP/aug-cc-pV6Z theoretical study and by fitting the energy levels obtained from our ab initio potential energy surface calculations. Finally, we also fitted the energy levels reported by Herzberg and Johns 1 (which extend to much higher N and K a but do not involve any spin splittings) to the same Hamiltonian with the spin constants constrained to 0.0, and these results are also presented in Table III . It is clearly evident that there is generally good agreement between the various sets of constants. Using our experimentally derived constants, we have calculated the ground vibrational state energy levels of 11 BH 2 up to K a = 2, N = 5, which is the range covered by our SEP data for higher vibrational levels. These are summarized in Table IV where they are also compared to our theoretical predictions.
C. Emission spectra
Some typical single rotational level emission spectra of 11 BH 2 are shown in Fig. 2 . The top panel shows the spectrum obtained after broadband (0.1 cm 1 ) laser pumping of the two spin-components of the r R 0 (1) transition of the 2 16 0 Π band (see Fig. 1 ). The upper state N = 2, K a = 1, K c = 1 level emits down to the 1 0,1 , 3 0,3 , 2 2,1 , and 3 2,1 quartets of rotational states in each ground state bending vibrational level. Weak transitions down to the 1 1 2 1 and 1 1 2 2 combination levels are also observed.
The bottom panel shows the emission transitions observed after laser pumping of the r Q 1 (2) transition of the 2 17 0 ∆ band. The upper state 2 2,0 level emits down to the K a = 1, N = 1,2,3 levels in a single unresolved feature and down to the 3 3,0 level at higher energy. If the rotational levels follow the typical asymmetric top pattern, as they do for the (0,0,0) state, then the K a = 1 lines in the lower panel should lie between the 1 0,1 and 3 3,0 features in the top panel. The vertical dotted leaders show the expected position at the top end and the observed position at the bottom end. It is readily apparent that the usual pattern is found for the (0,1,0) and (0,2,0) levels but that the K a = 1 levels fall progressively further below K a = 0 for v 2 = 3-5. Two other observed trends are that the separation of the outer members of the quartets increase from (0,1,0) to (0,3,0) and then decrease for (0,4,0) and that the K a = 3 K a = 0 intervals increase from v 2 = 1 to 3 and then level off at v 2 = 4. As will be explored more fully in Sec. V, all of these trends are as expected for levels near and above the barrier to linearity as the molecule transitions from a bent to a linear geometry. 
D. SEP spectra
In order to make more precise measurements of the various spin rovibrational levels indicated in Fig. 2 , we resorted to stimulated emission pumping (SEP) spectroscopy, which has superior resolution and wavenumber accuracy (±0.05 cm 1 ) over our low resolution emission spectra (±1-2 cm 1 ). Figure 3 shows the various experiments necessary for obtaining the ground state energy levels and indicates the quality of the data in each case. First, a high resolution LIF scan was required to identify and accurately measure the wavenumber of the pump transition. In this case, the LIF spectrum is of the two spin-split components of the r Q 0 (1) line of the 2 16 0 band at about 18 281 cm 1 (see bottom inset). Pumping the most intense feature involves the 1 1,1 J = 1.5 1 0,1 J = 1.5 transition at 18 281.402 9 cm 1 , which gave the emission spectrum partially shown in Fig. 3 , illustrating the strong transitions down to the 1 0,1 and 2 2,1 rotational levels of the v 2 = 2, 3, and Table III . They have an estimated uncertainty of ±0.03 cm 1 . c The K a = 0 levels do not have any appreciable spin-splittings.
4 bending states. Once the emission lines were approximately measured, the high-resolution dump laser was slowly scanned through the appropriate region and the SEP spectrum recorded along with I 2 LIF calibration data. The top panels in Fig. 3 show typical SEP data. The left-hand inset shows the transition from the pumped level dumped down to the two spin-components (2 2,1 J = 1.5 and 2.5) of the (0,3,0) vibrational state, with a spin-splitting of 2.16 cm 1 , in good agreement with our ab initio calculated splitting of 1.97 cm 1 . The center inset shows a similar measurement for the (0,2,0) state, with a spinsplitting of 1.18 cm 1 , comparable to the calculated value of 1.11 cm 1 . The right-hand inset shows the SEP spectrum of the transition to the 1 0,1 J = 0.5 and 1.5 levels, which appears as a single line since there are no appreciable spin-splittings in the K a = 0 rotational levels. The scan also shows two extraneous features due to direct LIF features excited by the dump laser, a complication in some of the spectra. By laboriously working our way through the emission spectra of ten individual LIF transitions involving the 2 16 0 and 2 17 0 bands and taking advantage of the selection rules for transitions from the Σ, Π, and a few ∆ levels, we were able to map out a large number of ground state spin rotation-vibration levels. Since this necessitated many dye changes for the dump laser and slow etalon scans with considerable signal averaging, acquisition of the spectra involved the work of most of a year.
The derivation of the final ground state energy levels from the SEP spectra involved the following calculation: E (v, J, K a , K c ) = Pump transition (cm 1 ± 0.005 cm 1 ) -SEP transition (cm 1 ± 0.04 cm 1 ) + Ground state energy of pump transition (cm 1 ± 0.03 cm 1 ). Propagation of error indicates that the final energy values have an associated uncertainty of ±0.05 cm 1 , which is our estimated accuracy of these measurements. The results are given in Table IV , which summarizes in compact form the experimental measurements and the corresponding theoretically calculated energy levels from v 2 = 0 to 5. Various experimental and/or signal-to-noise considerations limited our ability to measure all of the energy levels, accounting for the gaps in the table. We were only able to measure a very few levels involving the (0,5,0) state due to the weakness of the emission transitions to this high bending level of the ground state. . These values are all very slightly higher than our theoretical predictions, 8 which have a maximum error of 2.05 cm 1 (0.05%) for v 2 = 4 (see Table IV ). Previously reported vibronic term values for the (0,4,0) state from empirically adjusted ab initio potentials are 3888 cm 1 (Ref. 6) and 3880.6 cm 1 (Ref. 7) , both somewhat higher than our SEP value.
From our low resolution emission spectra, we can obtain an approximate value of the ν 1 stretching fundamental (∼2509 cm 1 ) which compares favorably with our theoretical value of 2508.1 cm 1 and previous values 6,7 of 2518 and 2506.5 cm 1 . In a similar fashion, we estimate the (1,1,0) and (1,2,0) vibronic term values from the emission spectra at ∼3482 and ∼4423 cm 1 , compared with our theoretical values 8 of 3482.1 and 4421.9 cm 1 .
Consideration of the results in Table IV shows that for the lowest vibrational level, the agreement between observed and calculated rotational levels is very good, with a maximum deviation of 0.28 cm 1 , which occurs in the K a = 2 manifold. Where there are significant spin splittings (K a = 1 and 2), the obs-calc residuals are very similar for both J values, indicating that the effects of the unpaired electron spin are reasonably well modeled by the theory. This conclusion is buttressed by the fitted experimental and ab initio spin constants ε aa (Table III) that overlap each other within their standard deviations.
Turning to the higher bending levels, it is immediately apparent that the experimental values are always greater than the theoretical ("calculated" in Table IV ) values and that the residuals are fairly consistent within a given K a stack of any particular vibrational level. For example, for (0,1,0), the residuals are ∼0.6 cm 1 for K a = 0, ∼0.8 cm 1 for K a = 1, and ∼1.2 cm 1 for K a = 2. For (0,4,0), the residuals for those same K a stacks are ∼2.0 cm 1 , ∼3.5 cm 1 , and ∼6.0 cm 1 . The regularity of the residuals lends credence to our assignments of the SEP spectra. In our initial analysis of the SEP data, a small number of misassignments were immediately obvious as they broke the expected pattern of residuals and were easily identified.
B. Reordering of levels near the barrier to linearity
In our previous work, 8 we obtained the energy difference (or barrier to linearity) between the energy minima of the analytical potential energy surfaces of 11 BH 2 without the mass dependent corrections as 2655.7 cm 1 . Since our emission and SEP data samples ground state rovibronic bending levels from 0.0 up to a maximum of 4597.7 cm 1 [(0,5,0) J = 5.5, 5 1,4 ], the measurements straddle the regions below, through, and above the barrier. This can be easily seen by an examination of the low resolution emission data in Fig. 2 and more clearly from the measured rotational levels in Table IV. For the first bending level (0,1,0 = 973.5 cm 1 ), the rotational states follow the classic prolate asymmetric top order with 1 0,1 < 1 1,0 < 2 2,1 < 3 3,0. The pattern is similar for ν 2 = 2 (0,2,0 = 1912.5 cm 1 ) although the difference between 1 0,1 and 1 1,0 has decreased from 46.3 cm 1 in (0,1,0) to 34.9 cm 1 in (0,2,0), rather than the expected increase as the bond angle opens and A eff increases. This is the first sign of a phenomenon called K-reordering in which A eff decreases with increasing vibrational excitation. The third bending level (0,3,0 = 2859.5 cm 1 ) is expected to be slightly above the barrier, and it is immediately obvious from the data in Fig. 2 and Table IV that reordering has occurred with 1 1,0 < 1 0.1 . Now 1 0,1 1 1,0 = 129 cm 1 and A eff is now substantially negative.
We find reordering to be a subtle and conceptually difficult concept, so here we review some of the relevant aspects from the literature. We start with the effects of quasi-linearity in bent molecules as discussed by Johns 18 some 50 years ago. As a nonlinear asymmetric top molecule in a nondegenerate electronic state bends towards linearity, one might naively expect that the value of the A eff rotational constant (essentially the interval between the K a = 0 and K a = 1 levels) would tend towards infinity. In fact, a correlation of the energy levels of the molecule in the bent and linear forms shows that A eff becomes the bending frequency of the linear molecule. As first described by Dixon, 19 successive vibrational intervals in the bending progression of a quasi-linear molecule with no electronic orbital angular momentum (Λ = 0) have a minimum in the region of the potential barrier.
If the bent/linear pair are in electronic states with nonzero orbital angular momentum (Λ > 0), then the situation is markedly more complex as angular momentum coupling [the Renner-Teller (RT) effect] has to be taken into account. As originally discovered by Merer and co-workers, [20] [21] [22] some of the rovibronic energy levels of the lower Renner-Teller component undergo a rearrangement from the usual pattern near the barrier to linearity. This is what is termed "reordering" and is one of the most striking effects of the Renner-Teller interaction.
Jungen and Merer 20 explained the phenomenon of reordering by again considering the correlation between the vibronic energy levels of linear and bent molecules when Λ 0. Such a correlation is illustrated in Fig. 4 for the specific case of 11 BH 2 . On the right-hand side, we have placed the experimental (or theoretical, they are the same at the resolution of the plot) N = K levels (neglecting the effect of electron-spin and equating K with K a ) of the ground state of BH 2 , taken from Table IV . The levels of the upper Renner-Teller component (the excited state) have been omitted for clarity. On the left-hand side, we have a schematic set of vibronic energy levels of a linear molecule in a 1 Π state with small Renner-Teller splittings, labeled by K = |±Λ + l|. Many of the possible levels with higher K have been omitted as they are not relevant to the discussion.
The energy levels on the left-hand side were carefully placed relative to those of bent BH 2 with two considerations in mind. First of all, well above the barrier to linearity, the energy level pattern approaches that of a linear molecule. Thus, the bent molecule levels must have energies similar to the energies of the linear molecule levels to which they correlate. Second, well above the barrier, the A eff = |K = 1 K = 0| interval must be comparable to the vibrational frequency of the linear molecule, as described earlier. Figure 4 shows that at low energies, the bent molecule has the typical asymmetric top pattern, which continues up FIG. 4 . Correlation of the measured K = 0-2 rovibronic levels for the ground state of 11 BH 2 (right-hand side) with a hypothetical set of linear molecule 1 Π state vibronic levels (left hand side) in the limit of a small Renner-Teller effect. Only the lowest few K states are given for each linear molecule vibrational state and those which are not explicitly connected to bent state levels correlate instead with BH 2 excited state levels (not shown). The location of the barrier to linearity is given by the horizontal dashed line. through v bent = 2, just below the barrier to linearity. Well above the barrier, at v bent = 5, both criteria discussed above are clearly met. In this region, the K = 0 and 2 levels correlate with v linear = 2v bent + 1, whereas the K = 1 levels correlate with v linear = 2v bent which is one vibrational level lower so that K = 1 must fall below K = 0. In other words, the necessity that the bent molecule energy levels evolve into those of a linear molecule results in a reordering in the region just above the barrier and the K = 1 levels fall progressively below K = 0 for a given value of v bent . Consideration of the correlation diagram for the upper Renner-Teller component 20 (in this case, the excited state) shows that there is no corresponding reordering effect.
Jungen and Merer 20 have shown that the reordering is a result of matrix elements that represent vibronic coupling within a Renner-Teller component. There are also "coupling" elements that act between components, perturbing levels with K > 0. Although these interactions between components have been suggested to be the cause of reordering of the lower levels, 23 in fact they are only subsidiary. Thus, in BH 2 , the reordered K = 1 levels of the ground state can be further depressed by interactions with higher levels of the upper component, interactions that get stronger for near-coincidences of upper and lower state levels of the appropriate symmetry. Indeed, an examination of the wavefunctions from our BH 2 calculations shows that the ground state K = 1 levels up v bent = 7 have a maximum of 18% excited state character at v bent = 4 and only 11% for v bent = 5, despite the much greater reordering in the latter.
If it were possible to follow the progress of the ground state bending levels to the point where they become embedded in the excited state manifold, one would expect that the perturbations would be random, as the interactions would then occur from above and below and, in some cases of nearresonances, would be very strong. In fact, in our previous LIF study, we were able to identify transitions to three such perturbed ground state levels whose locations were accurately pinpointed by our potential energy surface/rovibronic energy level calculations. 8 
VI. CONCLUSIONS
In the present experimental work, we have studied the bending levels of the ground state of 11 BH 2 up to v 2 = 5 through a combination of low resolution emission spectroscopy and high resolution stimulated emission spectroscopic measurements. The resulting data paint a roadmap of the rovibronic energy levels below, through, and above the calculated barrier to linearity and provide stringent tests of our own 8 and any future theoretical calculations of the rovibronic energy levels of the BH 2 free radical. Comparing our previous calculations 8 of the energy levels with the experimental results shows general overall agreement but exhibits some systematic discrepancies of a few cm 1 , especially at higher values of K a .
